Aluminum (Al) accumulation and long-distance transport in oil tea (Camellia oleifera Abel.), known to be an Al accumulator, was investigated. The average Al concentration in the embryo of oil tea seeds was 389 mg Al kg −1 dry weight, which was higher than seeds of other Al accumulators. By partially suppressing leaf transpiration in the field, Al accumulation in leaves was depressed, which clarified the importance of xylem transport to Al accumulation in leaves. However, the effects of xylem transport alone could not sufficiently explain the high Al accumulation in the seasons when the leaf transpiration is weak, which hints the necessity of phloem transport working. Aluminum content in phloem exudates of barks provides another evidence of phloem transport. Images from scanning electron microscopy and energy-dispersive analysis also showed that Al was present in the phloem of oil tea petioles. Aluminum in oil tea could also be redistributed: higher concentrations of Al were found in leaves when Al was supplied to a different leaf of the same plant. In addition, Al was present in newly emerging roots of oil tea seedlings in which all original roots were excised prior to treatment, and a positive correlation existed between Al content in the newly formed roots and that in the leaves. The results using the empty seed coat technique showed that Al unloading via the phloem occurred during seed development. In conclusion, the results demonstrated that Al could be redistributed between leaves, from seeds to leaves, leaves to roots and leaves to seeds, which indicates that Al can be transported via the phloem in oil tea.
Introduction
Aluminum (Al) toxicity is one of the major factors constraining plant growth in acid soils , Kochian et al. 2004 ). However, plants growing on acid soils have developed mechanisms to resist or tolerate Al stress. There are two distinct strategies employed by plants: (i) exclude Al from the root apex (exclusion mechanism) and (ii) tolerate Al that enters the plant (internal tolerance mechanism) (Kochian et al. 2004 , Ma 2005 . Plants that accumulate >1000 mg Al kg −1 in leaves are defined as Al accumulators (Chenery 1948) , which could tolerate massive amounts of Al in tissues.
Although Al is recognized as a toxic element to most plants, for some Al accumulators it seems that Al is even necessary or beneficial. Under pH 4-5, the addition of 400-800 µM Al stimulates the growth of tea plants (Camellia sinensis L.), especially root growth (Konoshi et al. 1985 , Yokota et al. 2005 , and without Al application, leaves of melastoma (Melastoma malabathricum L.) showed rolling symptoms (Watanabe et al. 2006) . On the other hand, it has been suggested that Al in tea infusions or food may cause diseases in humans, such as Alzheimer's (Yokota et al. 2005) . Thus, there is a possibility that tea or food containing less Al will be required. It is important, therefore, to clarify accumulation mechanisms of Al in plants, since it might become necessary to cultivate plants under lower Al conditions to produce tea leaves or seeds containing less Al.
Many of the accumulators accumulate large amounts of Al in a short time. Melastoma malabathricum accumulated up to 10,000 mg Al kg −1 in leaves within 4 weeks (Watanabe et al. 1997) . The Al concentration in hydrangea (Hydrangea macrophylla) plants reached 5000 mg Al kg −1 dry weight (DW) in several months (Ma et al. 1997) . Buckwheat (Fagopyrum esculentum Moench.) accumulated 10,000 mg Al kg −1 dry weight in leaves within 12 weeks (Shen et al. 2006) . These reports indicate that Al has a high internal mobility in the accumulators, which has only been demonstrated in xylem driven by both rate and duration of transpiration (Shen and Ma 2001) . Aluminum was not movable between leaves, and could not be transported via the phloem to seeds in buckwheat Ma 2001, Shen et al. 2006) . Although some researchers conjectured that Al might transfer via phloem (Haridasan et al. 1986 , Britez et al. 2002 , Watanabe et al. 2005 , limitations of the method (e.g., lack of aluminum isotope) and plant materials prevented testing of this hypothesis.
Oil tea (Camellia oleifera Abel.), a perennial evergreen shrub, is widely distributed in South China and could accumulate large amounts of Al in the leaves (Chen et al. 2008) . It has scleromorphic leaves. The stem of oil tea tree has old branches and secondary branches. Besides, the tree outgrows new shoots on branches in spring and a few in autumn every year, and the new leaves of the tree sprout mainly in spring with few emerging in other seasons. Some of the leaves are faded in autumn and winter. The oil tea tree blooms in autumn, the seeds are harvested in autumn of the next year. The fruit of oil tea is a capsule including the pericarp and seeds, which develop from ovary wall and ovule of pistil in oil tea flowers, respectively. The capsular fruits dehisce along the dorsal suture and 3-6 seeds were broken off once matured. The seeds of oil tea are brown or black brown, including episperm, endopleura and embryo, which could make the popular edible camellia oil, known as 'oriental olive oil'.
Oil tea and tea plant belong to the same family, Theaceae, and the same genus, Camellia. However, oil tea could accumulate much higher amounts of Al in the leaves than in tea leaves (Chen et al. 2008) . It would be worth investigating further the mechanisms of Al accumulation in oil tea.
The efficient Al influx into roots helped oil tea plants to accumulate huge amounts of Al in leaves during the growth period (Zeng et al. 2011) . Do the transportation processes account for the plentiful Al accumulation in oil tea? To date, information about the long-distance transportation of Al, especially Al transport via the phloem is limited. Our recent preliminary field investigation provided two exciting phenomena: (i) The rate of Al accumulation in leaves varied between each month of the year; approximately, the highest rate appeared in spring and autumn while the lower in summer and winter (Zeng et al. 2011) . It seems that the highest accumulation rate of Al was not always simultaneous with the highest transpiration rates. (ii) Oil tea seeds could accumulate much higher quantities of Al compared with that in buckwheat seeds (Shen et al. 2006) . These findings led us to hypothesize that Al could be transported via the phloem in oil tea. To understand accumulating mechanisms of Al in oil tea further, the location and redistribution (mobility) of Al was studied to try to test this hypothesis using field and laboratory experiments.
Materials and methods

Sampling of oil tea and tea seeds for determination of Al content
Seeds of oil tea were collected from Jiangxi province, Fujian province, Nanning city, Liuzhou city and Guilin city in China and one kind of seeds from Vietnam. Seeds of tea were collected from Jiangxi, Anhui and Jiangsu provinces in China. The seeds were separated into the seed coat (including episperm and endopleura) and the embryo by hand. The seed coats and embryos were washed with deionized water and dried in an oven at 75 °C for 72 h, then ground to powder and digested for determining the Al content. 
Field experiment
Partial suppression of leaf transpiration
To verify the transpiration-driven xylem transport of Al in oil tea, the experiment of wrapping leaves into transparent plastic bags (Shen and Ma 2001) was conducted in the field on the 10th day of the month during April to December in 2008 and 2009. Branches of oil tea shrubs with six leaves were selected. Six branches were chosen per tree, and four trees were selected randomly for each experiment. To suppress leaf transpiration, the first, third and fifth leaves from shoot apex were wrapped with transparent plastic bags (6 cm × 4 cm), and the second, fourth and sixth leaves were left unwrapped as a control. After 1 or 2 months, each leaf was harvested for Al determination.
In May 2009, a similar experiment of 1 or 2 day's inhibition on leaf transpiration was conducted.
To test the effect of the method, the photosynthetic rate and transpiration rate of the leaves wrapped or not were measured by a portable photosynthesis system (LI-6400XT, LICOR, Lincoln, NE, USA) immediately (the measurement was conducted at 9:20 a.m.-9:50 a.m.) and 1 h (the measurement was conducted at 10:20 a.m.-10:50 a.m.) after being wrapped. Six wrapped leaves and six controls per tree were measured, and three trees chosen randomly as replications were tested. Collecting the phloem in the stem To determine Al in phloem, barks of oil tea were collected in the field. Six basal old branches ~0.3-0.5 m from the ground, six secondary branches ~1.0-1.2 m from the ground and six new shoots per tree from three trees were selected at random and used for the collection of phloem exudate. The brown epidermis was carefully scraped off using a scalpel blade and the green bark (phloem) revealed was washed with deionized water. The green bark was then peeled off quickly (Devaux et al. 2009 , Liu et al. 2011 . Phloem exudates were collected using the EDTA technique (King and Zeevaart 1974 , Schneider et al. 1996 , Weber et al. 1998 ) and modified: the peeled bark was washed with ultrapure water. Subsequently, small pieces of bark (300 mg fresh weight) were placed in 2 ml vials with 1 ml of the exudation solution containing 10 mM EDTA or 20 mM EDTA for 5 h, then the bark was removed, phloem exudates were centrifuged at 14,000 g, frozen and stored at −20°C until analysis.
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The empty seed coat technique-phloem unloading
To study phloem (and Al) unloading in developing seeds of oil tea, an in vivo empty seed coat technique was also carried out in the field. Six seeds of similar size per tree from five trees were selected at random. The empty seed coat technique was applied according to the method described by Thorne and Rainbird (1983) . Briefly, ~2 cm triangular incision was made along the dorsal fruit surface to expose the seeds (usually 3-6 seeds were present in each fruit, and the fruit diameter was ~4 cm), then a 1-cm incision was made in the seed shell to expose the embryo. The embryo was removed carefully, and the seed shell without the embryo (just like a cup) was washed gently with distilled water. Only one seed in each fruit was dissected to minimize the impact on fruit development. Four percent agar with or without 15 mM ethylene glycol tetraacetic acid (EGTA) at 35-40 °C was incubated in the cup and the fruit was wrapped with a plastic bag to prevent dust and retain moisture. Ethylene glycol tetraacetic acid is used to inhibit or reduce callose formation in sieve plate pores which will otherwise block the phloem transport (Costello et al. 1982, Thorne and Rainbird 1983) . The agar was collected carefully after 24 h, and digested for determining the Al content. A similar procedure was applied in detached seeds as a control.
To investigate Al redistribution and transport in phloem, a series of indoor experiments were carried out simultaneously.
Hydroponic experiment Microscopic localization of Al in petiole
One-year-old fresh leaves with petioles were excised from oil tea seedlings grown in the field. The leaf petioles were immediately frozen in liquid N 2 and dried with a freeze dryer (ES-2030, Hitachi, Tokyo, Japan). Transverse petiole segments were coated with gold-palladium in an ion sputter (ES-1010, Hitachi, Tokyo, Japan) and were then examined by scanning electron microscopy (SEM; S-3000N, Hitachi, Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDAX; 7021-H, Horiba, Kyoto, Japan). The number of petioles was 12.
Aluminum localization in fresh petioles of leaves from the same oil tea seedlings with above was also visualized by staining with pyrocatechol violet (PCV) (Watanabe et al. 1998) as follows. Transverse sections of the petiole were prepared by hand-cutting with a sharp razor blade. The sections were stained with 0.02% PCV in 2.5% hexamine-NH 4 OH buffer (pH 6.2) for 30 min, washed with the same buffer without PCV and observed under a stereo microscope (SZX7, Olympus, Tokyo, Japan). The number of petioles was 12.
Application of Al on leaves surface-Al transport from leaf or seeds to other organs
Oil tea seeds were sterilized with 10% H 2 O 2 for 30 min, washed with deionized water, then soaked in 0.5 mM CaCl 2 overnight and germinated on a wet pledget in the dark at 25 °C for 20 days during which deionized water was applied every 2 days to keep the pledget wet. Seedlings with 5 cm-long roots were transplanted into an 8-l vessel containing aerated nutrient solution (the pH was adjusted to 4.2 with 1 M HCl daily). The composition of the nutrient solution was as follows: macronutrients (mM) 0.67 (NH 4 6 Mo 7 O 24 and 2.1 Fe-EDTA. The solutions were replaced weekly. The plants were grown in a growth chamber (Microlim-1000, Snijders Scientific, Tilburg, The Netherlands) with a 14 h/30 °C (day) and 10 h/20 °C (night) regime, light intensity of 375 µmol m −2 s −1 and 65% relative humidity.
When two young leaves spread, the seeds were excised to minimize possible Al transfer from the seeds to the leaves. After culture for ~6 weeks, the seedlings had developed three leaves. The third (lowermost) leaf from the shoot apex was immersed twice daily in 0.5 mM CaCl 2 solution containing 0 or 200 mM Al 3+ (Al 2 (SO 4 ) 3 ) for 30 s (Cakmak et al. 2000) . Newly emerging leaves were removed gently to maintain three leaves per seedling throughout the experimental period. After treatment for 30 days, the plants were harvested, washed with deionized water and divided into the third (Al-treated) leaf, the upper two leaves, stem and roots. Samples were dried at 75 °C for 72 h, ground to powder and digested for determining the Al content.
Re-rooting experiment-Al transport from leaves to roots
Seedlings were prepared as described in the experiment 'Application of Al on leaves surface'. When plants were ~6 weeks old, 20 seedlings were selected for culture in the above nutrient solution containing 0 or 100 mM Al 3+ (Al 2 (SO 4 ) 3 ) for 4 weeks. Hereafter, all roots of the plants were excised. The plants lacking roots were washed carefully with deionized water and transferred to the Al-free nutrient solution for culture for a further 12 weeks to generate new roots. Leaves and newly emerged roots were harvested for determining the Al content.
Al content determination
Plant and agar samples were digested with concentrated nitric acid (HNO 3 ) and perchloric acid (HClO 4 ) (83 : 17, v/v). The Al content was determined by inductively coupled plasma-atomic emission spectroscopy (IRIS-Advantage, Thermo Elemental, Waltham, MA, USA). The Al content in phloem exudates was determined by an atomic adsorption spectrometer equipped with a graphite furnace (SpectrAA 220Z, Varian, Mulgrave, Victoria, Australia) after proper dilution.
Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) using the statistical program SPSS 18.0 (SPSS, Chicago, IL, USA). Means were compared among the treatments using the Duncan multiple-range test at the 5% probability level.
Results
Aluminum contents in seeds of oil tea and tea
The Al concentration in the embryo of oil tea was 389 mg Al kg −1 DW, on average, and the highest concentration was 447 mg Al kg −1 DW in seeds from Jiangxi province. The average Al concentration in the embryo of tea seeds was only 128 mg Al kg −1 DW. The Al concentration in the embryo of oil tea seeds was higher than that in the seed coat (Figure 1) .
Effects of transpiration suppression on Al accumulation in leaves in the field
After 1 or 2 months of treatment by wrapping the leaves with transparent plastic bags, the difference of color between leaves wrapped and unwrapped was indiscernible. No significant difference was detected with regard to the photosynthetic rates between leaves wrapped and unwrapped (data not shown). The transpiration rates of the leaves decreased from 2.54 to 2.14 mmol m −2 s −1 immediately after the leaves were wrapped, and the reduction was from 3.86 to 3.44 mmol m −2 s −1 after 1 h of treatment.
In May 2009, after 1 day of inhibition on leaf transpiration, Al accumulation in leaves was reduced from 4326 to 4231 mg kg −1 , whereas after 2 days that was decreased from 4262 to 4058 mg kg −1 .
After suppression of leaf transpiration for 1 or 2 months, Al accumulation was decreased to different extents in different months. Generally, Al content was reduced by >1000 mg kg −1 per month during April-July, while the reduction was lower than 400 mg kg −1 per month during August-December ( Table 1) .
Aluminum contents in phloem exudates of branches
Aluminum contents in phloem exudates of different branches decreased as follows: basal old branches > secondary branches > new shoots, and even for the new shoots, Al contents in phloem exudates were >19 mg kg −1 fresh weight (FW) (Figure 2 ). No significant difference of Al content was detected between 10 mM EDTA and 20 mM EDTA extractant except that of new shoots (Figure 2 ).
Phloem unloading of Al in seed coats
Aluminum transported to seeds was collected using the empty seed coat technique. Agar in the intact seeds with or without EGTA contained 7.89 and 1.10 µg Al day −1 per fruit, respectively. In the detached seeds, the rate of Al accumulation in agar with and without EGTA was 3.45 and 2.04 µg Al day −1 per fruit, respectively (Figure 3) .
Aluminum redistribution and transportation
Aluminum localization in the petiole of oil tea The localization of Al in transverse sections of the petiole of oil tea was examined using SEM-EDAX and the histochemical staining. Aluminum was localized throughout the petiole tissues including phloem ( Figure 4D and H) . The relative weight of Al Aluminum transportation in phloem 99 Figure 1 . Al concentrations in the seed coat and embryo of oil tea (Camellia oleifera) and those of tea (C. sinensis). Seeds were sampled from South China and Vietnam. Data are means ± SD (n = 3). Bars with different letters indicate a significant difference at P < 0.05 using one-way ANOVA. (%) in the cortex, phloem and xylem was 2.78, 0.96 and 0.72, respectively ( Figure 4A , B, C, E, F and G).
Histochemical staining of transverse sections of oil tea petioles with PCV showed that the cortex and phloem were strongly stained ( Figure 5) ; a blue coloration was formed by PCV chelating with Al.
Aluminum transport from leaves or seeds to other organs
When Al was applied to the third leaf, the Al concentration in the treated leaves was higher than that in the non-treated leaves (Figure 6 ). The Al concentrations in the upper two leaves of treated and non-treated plants were 361 and 193 mg kg −1 , respectively, which were significantly different ( Figure 6) . However, there were no significant differences in Al concentration in the stems and roots between treated and non-treated plants.
Aluminum transport from leaves to roots
New roots emerged within 12 weeks after excision of all roots from oil tea seedlings. The Al concentrations in the newly emerged roots were 155 and 58 mg kg −1 for Al-treated and non-Al-treated plants, respectively ( Figure  7A ). There was a significant positive correlation between Al concentrations in the leaves and those in the newly emerged roots ( Figure 7B ).
Discussion
Leaves are the main Al sinks in Al accumulators (Watanabe et al. 1998 , Shen et al. 2006 , Chen et al. 2008 . As for hyperaccumulators of other metals (such as nickel, chromium, iron, zinc and manganese) in which small amounts of the metals are transported to seeds, seeds of some Al accumulators contain little Al (Psaras and Manetas 2001 , Singh and Sinha 2005 , Chen et al. 2008 ). However, not only leaves of oil tea could accumulate 11,000 mg kg −1 Al within 10 months (Zeng et al. 2011 ), but also seeds of oil tea contained a large amount of Al (Figure 1 ). In addition, more Al was accumulated in the embryo than the seed coat in oil tea, and the Al concentration in the embryo of oil tea was much higher than that in tea ( Figure 1 ) and in buckwheat (Shen et al. 2006) , another Al accumulator. Is there any special mechanism for Al accumulation in embryos that is different from other accumulators? Is it possible that Al transport via phloem is in the form of Al-organic complex?
To date, it has been generally considered that the long-distance transport of Al mainly occurs in the xylem. It has been proven that Al transport from roots to leaves in buckwheat is driven by transpiration (Shen and Ma 2001) . In this study, the transpiration of leaves was inhibited by wrapping the leaves with transparent plastic bags. According to the results of Al in leaves after 1 or 2 days of wrapping in May, for oil tea growing in acid soils where Al is plentiful, at least 100 mg kg −1 Al per day was accumulated driving by transpiration (xylem transport). Of course, neither of the rates of leaf transpiration and Al Table 1 . The reduction of Al content in leaves by suppressing transpiration and the meteo data during the experiment. Twenty-four branches were chosen from four trees randomly in the field. The first, third and fifth leaves on branches were wrapped into transparent plastic bags; the second, fourth and sixth leaves were allowed to transpire normally as controls. One or 2 months later, leaves were harvested for Al content determination. The reduction of Al content was calculated as the control value minus the treatment value, and the data represent the means ± SD (n ≥ 24). The averages of the meteo data (n = 30, 31 or 61) including the average air temperature (AAT), the total net radiation (NR) and the total photosynthetically active radiation ( accumulation is constant. It should be noted that the suppression of xylem transport was incomplete in the present study, the inhibition percentage of leaf transpiration rate was ~14-20% (these data were calculated as the reduction of the transpiration rates (the control value minus the wrapped value) divided by the control in the experiment of determining the transpiration rates of leaves wrapped), which could sustain a relative longer-term experiment. After 1 or 2 months of partial inhibition on leaf transpiration, the decrease of Al content differed in different seasons, ~1600 mg kg −1 Al was reduced during April-May, while only 300 mg kg −1 Al was decreased during August-September (Table 1 ). The rate of Al accumulation in oil tea leaves also varied in different months of the year and it was higher in spring and autumn and lower in hot summer and winter (Zeng et al. 2011) . This is possibly related to the local climate (Table 1) . During April-May 2008 and September-November 2008, the temperature and radiation were similar (Table 1) . However, Al accumulation during April-May 2008 was from 1780 to 2290 mg kg −1 , and from 6930 to 11,200 mg kg −1 during September-November 2008 (Zeng et al. 2011) . The high temperature in summer (Table 1) , and the aging leaves in autumn and winter may cause weaker transpiration. It is noteworthy in this regard that, during September-November, even considering the inhibition percentage of leaf transpiration rate (14-20%), the contribution of xylem transport (570 mg kg −1 , Table 1 ) would be 2850-4071 mg kg −1 , which was <4270 mg kg −1 (from 6930 to 11,200 mg kg −1 ) of Al accumulation. Xylem transport contributes to Al accumulation in leaves of oil tea indeed, and it is hypothesized that the contribution of xylem and phloem transport to Al accumulation in leaves would not be identical during different seasons of the year, presumably, more Al was transported via the phloem than in the xylem during the hot summer and winter because of the weak leaf transpiration. These results indicate that phloem transport is essential for Al accumulation in oil tea under certain conditions in the field and this transport path exists naturally. Subsequently, a series of experiments were conducted to try to verify it further. Long-distance phloem transport within intact plant systems is especially difficult to measure because only few techniques are suitable and because of the extreme sensitivity of the phloem to wounding (Peuke et al. 2006) . In this study, barks of the stem were collected to extract the phloem exudates. It was found that Al contents in phloem exudates of basal old branches were >260 mg kg −1 FW (Figure 2) . The direct measurement of Al content in the bark might provide useful evidence regarding Al transportation in the phloem.
The localization of Al in the SEM-EDAX images further showed that Al was distributed in the cortex, phloem and xylem and, in terms of the relative weight of Al in the petiole, the distribution was mainly in the cortex (Figure 4) . Using PCV staining, Al was localized in the cortex and phloem (the absence of blue coloration in the xylem could be ascribed to the staining procedure, where Al in the xylem might be easily washed away by the hexamine-NH 4 OH buffer) (Figure 5 ), which corresponded with the SEM-EDAX results and further confirmed that Al was present in the phloem.
In the indoor experiment where leaves were supplied with Al, Al was also detected in the non-Al-treated seedlings (Figure 6 ), which should have originated from the seeds. Aluminum in the seeds was unloaded to the new organs with germination, since oil tea seeds contained plenty of Al in the embryo (Figure 1) . The Al-treated leaves had a higher Al concentration, and a higher Al concentration was also present in the first two leaves, compared with the control (Figure 6 ). These results indicated that Al was transported to the first two leaves from the Al-treated leaf. Aluminum was transported upwards in Figure 6 . Because the seedlings were grown in Al-free solution here, the xylem transport upwards could not be the main transport path. Generally, it is recognized that mobility of an element from old organs to young organs is via the phloem (Marschner, 1995, Aluminum transportation in phloem 101 Figure 3 . The rate of Al accumulation in agar following Al unloading in oil tea (C. oleifera) seeds. Seeds were incubated on agar medium for 24 h with or without EGTA to collect Al unloaded via the phloem using the empty seed coat technique. EGTA means agar with EGTA and intact seeds, NO-EGTA means agar without EGTA and intact seeds, EGTA-CK means agars with EGTA and detached seeds, NO-EGTA-CK means agar without EGTA and detached seeds. Data are means ± SD (n = 5). Bars with different letters indicate a significant difference at P < 0.05 using one-way ANOVA. Konsaeng et al. 2005) . Thus, the result, Al being redistributed between leaves in oil tea seedlings, means that Al could be transported via the phloem.
In the re-rooting experiment, all roots of the seedlings were excised after being cultured in Al solution and new roots were allowed to develop in Al-free solution. Aluminum was present in the newly emerging roots, and a higher Al content was found in the new roots of Al-pretreated plants ( Figure 7a ). As new (adventitious) roots in stem cuttings generally originated in the secondary phloem but also from vascular rays, cambium or the pith, the vascular bundles in new roots are well connected with the stem, which is favorable for bidirectional transport of nutrients (Davies et al. 1982, Koyuncu and Balta 2004) . Since transport in the xylem is essentially unidirectional, and transport in the phloem is bidirectional, and movement of a solute to the roots is almost always firm evidence against xylem transport (Fisher 2000) , the presence of Al in newly forming roots is indicative of Al transport from leaves to roots, which would be achieved by the transport in the phloem. This view was further supported by the positive correlation between Al content in the new roots and the leaves, which suggested that the higher the Al concentration in the upper shoots, the more the Al that was transported to the newly emerging roots (Figure 7b) . These results make us better understand phloem transport of Al.
Unloading of photosynthate destined for the developing embryo occurs from phloem within the maternal seed coat (Thorne and Rainbird 1983 ) via a symplasmic pathway or an apoplastic step depending on the sink types and plant species (Fisher 2000) . The empty seed coat technique was a valid and convenient in vivo technique for studies of phloem unloading, it was firstly used in legumes to study the transport of assimilates to the developing seed (Thorne and Rainbird 1983) . Subsequently, the technique has been applied successfully to other non-leguminous species (Wolswinkel 1992 ). We applied this technique to collect phloem-unloading sap from the large seeds of oil tea. In the study, Al was collected in agar, and the Al transportation rate to the seeds was calculated as ~4.5 µg Al day −1 per fruit by subtracting the Al content from that of the EGTA control (Figure 3 ). According to this rate, ~1.62 mg Al could be accumulated into the embryo in a year (the accumulation period of Al in oil tea embryo is 1 year), which roughly coincides with the calculation based on the Al content in embryo (in Figure 1 , the average Al content in embryo is 389 mg kg −1 , the amount of Al in the embryo of a seed will be 1.17 mg hypothesized that the weight of embryo is 3 g). In higher land plants, minerals and heavy metals are delivered to seeds via the phloem (Hocking and Pate 1977 , Grusak 1994 , Patrick 1997 , Patrick and Offler 2001 , Yoneyama et al. 2010 . Collection of Al in this experiment demonstrated that Al might be unloaded to the developing seeds via the phloem.
Phloem transports minerals and photosynthetic and metabolic products from source organs to sinks, the direction of which depends on the plant's physiological demands, and transfer in the phloem is important for the redistribution of an element within a plant (Marschner 1995 , Fisher 2000 . For example, P was translocated via the phloem from older leaves to new leaves or growing roots in P-starved plants (Jeschke Aluminum transportation in phloem 103 Figure 6 . Aluminum concentrations in different organs of oil tea (C. oleifera) after leaves were treated with Al. The third leaf from the shoot apex of oil tea was supplied with or without 200 mmol l −1 Al 3+ (Al 2 (SO 4 ) 3 ) for 30 s per application, and was applied twice daily for 1 month. Data are means ± SD (n = 5). Bars with different letters indicate a significant difference at P < 0.05 using one-way ANOVA. Hanson (1991) reported rapid export of the isotope from the spur leaves of sour cherry after treatment, and the highest concentration of the isotope was found in buds subtending the treated leaves. Yoneyama et al. (2010) determined iron (Fe) and zinc (Zn) concentrations in xylem and phloem saps and concluded that Fe stored in the rice leaves may be transported to the grains via the phloem; Zn in the grains and partly in the husks may be actively supplied via the phloem after mobilization from the blades of the flag and upper leaves and by xylem-tophloem transfer in the nodes. Regarding non-essential (or toxic) elements such as cadmium (Cd) and lead (Pb), it was reported that Pb was transported from leaves to roots in radish (Dollard 1986) , and Cd could be transported via the phloem in wheat and rice (Herren and Feller 1997 , Tanaka et al. 2007 , Yoneyama et al. 2010 . However, to our knowledge, the present study is the first to demonstrate that Al might be transported in the phloem of Al-accumulating plants.
Consideration of all the findings leads to the conclusion that Al could be transported via the phloem in oil tea. The diverse transport mechanisms, the combined action of xylem transport and phloem transport of Al in specific seasons, are presumed to account for the plentiful Al accumulation in oil tea. In the future, much stronger evidence of Al transport in the phloem and the form of Al in the phloem may be presented with the development of new technology, which is important for exploring Al accumulation and Al-tolerance mechanism. Figure 7 . Aluminum concentrations in leaves and roots of oil tea (C. oleifera) (A) and the relationship between Al content in newly formed roots and leaves in oil tea (B). Seedlings with three leaves were cultured with or without Al for 4 weeks, then the roots were excised and the plants were further cultured in nutrient solution without Al for 12 weeks to grow new roots. Newly formed roots were sampled for Al content determination. Data are means ± SD (n = 5). Bars with different letters indicate a significant difference at P < 0.05 using one-way ANOVA.
